Abstract: A vision sensor was introduced and tested for early detection of citrus Huanglongbing (HLB). This disease is caused by the bacterium Candidatus Liberibacter asiaticus (CLas) and is transmitted by the Asian citrus psyllid. HLB is a devastating disease that has exerted a significant impact on citrus yield and quality in Florida. Unfortunately, no cure has been reported for HLB. Starch accumulates in HLB infected leaf chloroplasts, which causes the mottled blotchy green pattern. Starch rotates the polarization plane of light. A polarized imaging technique was used to detect the polarization-rotation caused by the hyper-accumulation of starch as a pre-symptomatic indication of HLB in young seedlings. Citrus seedlings were grown in a room with controlled conditions and exposed to intensive feeding by CLas-positive psyllids for eight weeks. A quantitative polymerase chain reaction was employed to confirm the HLB status of samples. Two datasets were acquired; the first created one month after the exposer to psyllids and the second two months later. The results showed that, with relatively unsophisticated imaging equipment, four levels of HLB infections could be detected with accuracies of 72%-81%. As expected, increasing the time interval between psyllid exposure and imaging increased the development of symptoms and, accordingly, improved the detection accuracy.
Introduction
Optical sensing has been widely used in agricultural applications, such as food quality control and plant disease and stress detection [1] [2] [3] . These approaches have predominantly used fluorescence, reflectance, and, recently, polarized imaging to assess the physiological and disease status of leaves and fruits.
Plants contain many compounds that absorb, reflect, optically rotate, and fluoresce radio magnetic radiation in the visible and near-infrared range. Light first encounters the epidermal layer of the plant, which serves to protect the photosynthetic apparatus from the harmful effects of UV. Photoexcitation results in fluorescence emissions from various substances in the epidermal layer, such as phenolics and flavonoids [3] . Epidermal emissions in the blue-green spectrum are mainly due to the presence of cell wall-bound cinnamic acids such as ferulic acid [4] . Various pigments including carotenoids and chlorophyll in the mesophyll layer of the leaves also strongly fluoresce in the red and near-infrared spectrum [5, 6] . Many fluorescent compounds are sensitive to the physiological stress status of the plant [3] and, hence, are well suited for exploitation as pathogen stress indicators.
Huanglongbing (HLB) is the most dangerous disease of citrus that remains invisible for months or even years after infection. Early detection and eradication of HLB-positive trees is vital to effectively manage the disease spread. Fluorescence sensing has been employed for the identification of HLB-positive samples and for distinguishing between healthy and HLB-positive leaves and other disease or nutritional states [7] [8] [9] [10] [11] . These studies fall into two general categories; those that measure true fluorescence in the visible, near-infrared, and infrared spectrums and those that measure reflectance over these same wavelengths. Sankaran and Ehsani [12] measured fluorescence in laboratory studies to assess the HLB-infection status of symptomatic leaves. When excitation wavelengths of 375 nm (UV) and green (520 nm) were used and emissions in the visible and far-red fluorescence were measured, overall classification accuracies of 97% were obtained in distinguishing between healthy and infected samples. In a study using excitation wavelengths of 405 nm (violet) and 470 nm (blue) and three emission spectra in the visible range, Wetterich et al. [11] were able to obtain accuracies of 98% in discriminating between symptomatic HLB and zinc deficiency leaf samples (visible and far-red). Although high classification accuracies have been achieved when symptomatic leaves are used, it was much harder to distinguish between healthy and HLB-positive leaves that are asymptomatic. For instance, in the study by Sankaran and Ehsani [12] using asymptomatic samples, accuracy was only 39% when all fluorescence features were used and 43% when selected features were employed in the analysis.
In comparison with true fluorescence, somewhat lower accuracies have been obtained when reflectance was measured in the visible, near-infrared, and infrared wavelengths. For example, in a study by Sankaran et al. [13] , visible and near-infrared spectroscopy were used to detect HLB infection under field and laboratory conditions. Classifiers were based on spectral bands and vegetative indexes. Overall accuracies greater than 80% were obtained using a quadratic discriminate analysis approach on symptomatic leaves [13] . In a study utilizing visible and near-infrared spectroscopy in the laboratory, overall accuracies of 92%-95% were obtained in the discrimination between healthy and HLB-positive leaf samples [13] . In more recent studies, combinations of visible, near-infrared, mid-infrared, and thermal imaging have been used to discriminate between healthy and HLB-positive leaves, or between healthy, citrus canker, and HLB-positive leaves. For instance, visible, near-infrared spectroscopy, and thermal imaging were used in the field to identify HLB-positive trees [8] . Thirteen spectral features (12 spectral plus thermal imaging) were combined to achieve 85% accuracy utilizing a support vector machine (SVM) classifier. In a similar study conducted in a laboratory setting, Sankaran et al. [9] used reflectance in the visible, near-infrared, and mid-infrared wavelengths to distinguish between healthy leaves, symptomatic leaves infected with citrus canker, and HLB-positive leaves, with overall accuracies of approximately 90%. However, despite the relatively high accuracies obtained using symptomatic leaves, as with the fluorescence studies, the overall accuracies based on reflectance were significantly reduced to only 41%-67% when asymptomatic leaves were evaluated [14] . Again, in the study by Sankaran et al. [13] , where accuracies of 92%-95% were obtained with symptomatic leaves, evaluation of asymptomatic samples resulted in low overall accuracies of 38%, largely the result of high percentages of false positives.
In contrast to fluorescence sensing approaches that provide an overall indication of the stress status of the plant, polarized imaging directly detects the presence of starch. It has long been noted that starch accumulates at high levels in the leaves and bark phloem of HLB-affected citrus trees and is highly correlated with the presence of the disease [15] [16] [17] . Polarized imaging is based on the optical property of starch, which rotates light by 90 • optimally at a wavelength of 591 nm [18] , which has proven to be an efficient means for real-time and large-scale detection of HLB in the field [19, 20] . It was previously shown that the polarized imaging technique was not only capable of producing high HLB detection accuracies but also was able to differentiate between starch accumulation (as an indication of Clas) and the deficiency of certain nutrients in leaves [21] . Previous polarization studies all used leaves that were highly symptomatic for the HLB-positive samples. However, the efficacy of this approach at detecting HLB in asymptomatic leaves has not been previously evaluated.
Given the devastating effects that HLB has had on the citrus industry, there is a need to develop high throughput methods to screen large numbers of seedlings for HLB in the testing of various treatments and strategies to improve resistance. Ideally, these screening protocols should be able to detect HLB-positive seedlings early in the infection process to facilitate the screening of large numbers of plants. To help meet this need, the overall objective of this study was to assess the feasibility of employing polarized imaging to screen citrus seedlings in the early phases of infection. Inoculation of the seedlings was achieved by exposure to intense feeding by HLB-positive psyllids as an alternative to the labor-intensive method of inoculation by grafting infected buds.
Materials and Methods

Infection Protocol
Citrus seedlings were exposed to intensive Asian citrus psyllid (Diaphorina citri) feeding in the psyllid growth facility at the Citrus Research and Education Center (CREC) in Lake Alfred, FL, USA. Seedlings of pineapple sweet orange were germinated in a growth incubator and transplanted into tube pots. From 40 to 50 seedlings of uniform height were selected for exposure to infected psyllids. The seedlings were placed in a rack configured with space between adjacent pots. The seedling rack was elevated to the canopy level of the much larger infected feeder plants. CLas-positive psyllids were allowed to feed and lay eggs on the seedlings for eight weeks from November 2014 to January 2015. After an eight-week recovery period, the exposed seedlings were removed from the facility, and adult psyllids, eggs, and nymphs were eliminated by the application of insecticidal soap. The seedlings were then transported to the University of Florida, Gainesville for imaging. There was an additional two-week adjustment period in Gainesville before the acquisition of images and quantitative polymerase chain reaction (QPCR) data. A total of 10 weeks passed between the psyllid feeding and the imaging of the intact seedlings.
Data Collection and Dataset Validation
A total number of 48 citrus seedlings were used for this experiment in which 40 plants were exposed to feeding by Asian citrus psyllids, while eight plants remained unexposed. From two to three leaves per seedling were randomly selected for image acquisition and QPCR analysis at two times; the first in February (early spring), and the second two months later in April 2015 (late spring). By sampling several leaves and not destroying the seedling, the CLas titers could be monitored over time. The experiment was conducted using 127 leaves in the first sample set (early spring) and 96 in the second sample set (late spring). All leaf samples were analyzed by QPCR using a calibration curve based on known quantities of the amplicon. QPCR was used to monitor the presence of CLas in leaves and seedling using an SYBR Green-based assay (Molecular Probes, Inc.)
The genomic DNA isolation protocol was according to Li et al. [22] , and the primers (LJ900) were those developed to detect the prophage that is present in multiple copies per CLas genome. A calibration curve based on optically determined quantities of the amplicon was used to relate cycle threshold (CT) values to copy numbers. The copy numbers given are based on equal amounts of fresh weight of isolated midveins (80 mg). All DNA preparations were dissolved in a final volume of 100 µL of TE (10 mM Tris, 1 mM EDTA, pH 8.0) buffer. All QPCR reactions were conducted with four technical repetitions using 2 µL of sample DNA. Four classes of HLB-positive samples representing different levels of infection, as well as two classes of HLB-negative samples, were defined based on the copy numbers and exposure to the Asian citrus psyllids. 
Image Acquisition
Images of all intact seedlings were taken in an entirely dark room with a commercial digital single-lens reflex (DSLR) camera (D5200, Nikon Inc., Melville, NY, USA) equipped with a prime lens (AF-S NIKKOR 50 mm f/1.8G, Nikon Inc., Melville, NY, USA) and a linear polarizer (58 mm Linear Polarizer Glass Filter, Tiffen, Hauppauge, NY, USA). Narrow band high power LEDs at 595 nm (Super Bright LEDs xpeamb-l1-0000-00301, Cree, Inc., Durham, NC, USA) were used to illuminate the plant during the imaging session. A polarizer sheet (visible linear polarizing laminated film, Edmund Optics, Barrington, NJ, USA) was mounted in front of the illumination panel [19] . A second polarizing filter was rotated perpendicular to the first filter and installed on the camera lens such that the camera only received the minimal reflection from the plant.
Feature Extraction
The image texture analysis included extraction of seven types of textural features from the leaf regions in the images. Only the red channel of RGB images was used for feature extraction because this channel in DSLR cameras is the most sensitive for the detection of narrow-band illumination at 595 nm. The leaf area in each image was manually segmented such that the gray values of pixels belonging to the background were replaced by zero.
Gray Level Statistics
First-order statistical features were extracted from the normalized histogram of the leaf areas in the images. The effect of the background on each histogram was eliminated by deducting the number of background pixels from the first element of the histogram that represents the number pixels with zero value. The histograms were then normalized by dividing each element by the summation of all 256 elements. The eight histogram features extracted from the normalized histograms included mean, standard deviation, smoothness, third moment, maximum gray value, entropy, uniformity, and gray values' range [18] .
Gray Level Cooccurrence Matrix (GLCM)
GLCM is a second-order statistical analysis of texture that represents the occurrence frequency of all possible pairs of pixel values. For an 8-bit image, GLCM is a 256 × 256 matrix (C(i, j)) in which each element shows how often the pixel values of i and j occur next to each other. In order to eliminate the effect of background, the pixel values in the background were replaced by 256 before the GLCM was created. The result was a 257 × 257 matrix. The last row and column were removed to create the GLCM of leaf area. Ten features, including mean, variance, uniformity, entropy, maximum probability, homogeneity, cluster prominence, cluster shade, inertia, and correlation, were extracted from each GLCM [18] .
Gray Level Run Length Matrix (GLRLM)
GLRLM represents a set of consecutive and collinear pixels that have the same gray value. In texture analysis, the run length features describe the texture coarseness in one or multiple directions. The same approach in GLCM was used in GLRLM to eliminate the effect of the background. Then 11 features, including long run, short run, entropy, run length non-uniformity, gray level non-uniformity, run ratio, high gray level run, low gray level run, short run high gray level, short run low gray level, long run high gray level, and long run low gray level, were extracted from each GLRLM [23] .
Segmentation-Based Fractal Texture Analysis (SFTA)
SFTA is a recently introduced textural analysis method in which the input image is decomposed into a collection of binary images, and the fractal dimensions are computed for the segmented regions to describe the texture patterns. A MATLAB function provided by Costa et al. [24] was used to extract SFTA features. At the first step of this process, a set of thresholds was calculated based on the input image histogram to generate binary images. The MATLAB code for this step was modified by deducting the number of pixels in the background from the first element of the image histogram so that the background pixels did not affect the calculation of thresholds. The collection of binary images was achieved by setting the parameter of n t equal to 2. This setting specifies that two pairs thresholds were used for binarizing the image. The SFTA MATLAB code provided six features for each pair of thresholds, and, since n t = 2, 12 SFTA features were extracted for each image.
Local Binary Pattern (LBP)
LBP is a locally based textural analysis in which each pixel is compared to its eight neighbors in a 3 × 3 neighborhood. Each neighbor pixel was replaced by 1 if its value was greater than the central pixel value and by 0 if its value was less than the central pixel value. This produced an 8-bit binary number, and its decimal equivalent replaced the central pixel [25] . Similar to gray level statistics, six statistical features, including mean, standard deviation, uniformity, third moment, smoothness, and entropy, were extracted from the normalized histogram of the LBP matrix for each image. Since the LBP matrix was the same size as the original image, the corresponding pixels belonging to the background were replaced by zero, and the first element of the LBP histogram was deducted by the number of background pixels before histogram normalization [23] .
Local Similarity Pattern (LSP)
LSP is another locally based textural analysis similar to LBP where a 2-bit code is used to describe the similarity of each pixel with its eight neighbors. The neighbor pixels in this method are replaced by 10, 01, or 00 if they are above, within, or below a specified similarity range, respectively [26] . The same approaches used for LBP features were used to cancel the effect of background and extract six features.
Local Finite Difference Pattern (LFDP)
LFDP is a rotational-and illumination-invariant textural descriptor developed and implemented by the authors of this paper. LFDP represents gray values variability in a local neighborhood by a single number. In this method, an ascending vector was created by sorting pixel values in an n × n window (Figure 1a,b) , and its plot was considered as the texture signature for that corresponding window (Figure 1c) . LBP is a locally based textural analysis in which each pixel is compared to its eight neighbors in a 3 × 3 neighborhood. Each neighbor pixel was replaced by 1 if its value was greater than the central pixel value and by 0 if its value was less than the central pixel value. This produced an 8-bit binary number, and its decimal equivalent replaced the central pixel [25] . Similar to gray level statistics, six statistical features, including mean, standard deviation, uniformity, third moment, smoothness, and entropy, were extracted from the normalized histogram of the LBP matrix for each image. Since the LBP matrix was the same size as the original image, the corresponding pixels belonging to the background were replaced by zero, and the first element of the LBP histogram was deducted by the number of background pixels before histogram normalization [23] .
Local Similarity Pattern (LSP)
Local Finite Difference Pattern (LFDP)
LFDP is a rotational-and illumination-invariant textural descriptor developed and implemented by the authors of this paper. LFDP represents gray values variability in a local neighborhood by a single number. In this method, an ascending vector was created by sorting pixel values in an n × n window (Figure 1a,b) , and its plot was considered as the texture signature for that corresponding window (Figure 1c) . Finite differences can be calculated in multiple orders to describe the texture signature. The ݅th order of finite difference at rank ‫ݔ‬ is calculated using Equation (1).
Since the magnitude of the difference is important in this method, only the absolute value of the difference was calculated. Finite differences for the 3 × 3 neighborhood in Figure 1 at all possible ranks and orders were computed and illustrated in Table 1 . The final step in the LFDP procedure is Finite differences can be calculated in multiple orders to describe the texture signature. The ith order of finite difference at rank x is calculated using Equation (1).
Since the magnitude of the difference is important in this method, only the absolute value of the difference was calculated. Finite differences for the 3 × 3 neighborhood in Figure 1 at all possible ranks and orders were computed and illustrated in Table 1 . The final step in the LFDP procedure is to create the LFDP matrix in which the central pixel in each neighborhood is replaced by a statistical value (e.g., mean, standard deviation, or median) representing all finite differences in a particular order. Table 1 . Finite differences at nine orders (i : 0th to 8th ) and nine ranks (x : 1 to 9 ) for the sample 3 × 3 neighborhood in Figure 1 . A total number of 80 LFDP matrices were created for each sample image using different LFDP settings including three different window sizes (3 × 3, 5 × 5, and 7 × 7), three different statistical features (mean, standard deviation, and median), and up to nine different orders (0th to 8th). Similar to the feature extraction process in LBP and LSP, the background effect was canceled, and the same six features were extracted from each LFDP matrix.
Analysis of Variance
A one-way analysis of variance (ANOVA) was conducted to determine the statistically significant differences between each pair of classes. ANOVA was conducted separately for every feature in each feature set. The p-values were obtained for comparisons between all possible pairs of classes. A significance level of 0.05 was used to determine if two classes were significantly different.
Pairwise Classification
A pairwise classification using the SVM classifier [27] was designed in which only one pair of classes were considered for each classification. The pairwise classification results will be used to determine how each stage of the disease is different from other HLB infection stages. The classification process was conducted for every set of textural features separately. A K-fold cross validation method with five folds (K equal 5) was used to ensure the results did not depend on the selection of training and validation sets. Therefore, the numbers of training and validation sets in each classification repetition were equal to 80% and 20% of the total number of samples, respectively. This entire classification process was repeated 100 times, and the average accuracies were reported. All feature extractions, data analyses, and classifications were conducted using MATLAB (ver. R2013a, The MathWorks, Natick, MA, USA).
Results
Infection Efficiency
As outlined in Materials and Methods (Data Collection), six different class labels for individual leaves were defined based on the level of CLas infection, as defined by CLas amplicon copy numbers (Table 2) . When the leaves from seedlings not exposed to infected psyllids (negative controls) were removed from consideration, 28.3% of the psyllid-exposed leaves were negative, and 67.3% of the leaves were classified in the bottom three categories: Negative, Questionable, and Weak positive. Although the seedling infection protocol proved inefficient in achieving high titers of bacteria in individual leaves, on a seedling basis, approximately 85% were positive for CLas at some level. Table 2 . Different classes of Huanglongbing (HLB)-negative and HLB-positive leaf samples corresponding to their infection level and based on their copy number determined from the quantitative polymerase chain reaction (QPCR) test. "Negative on Unexposed" refers to the number of seedlings that were negative in those that were not exposed to the infected psyllids. "Negative on Exposed" refers to the number of seedlings that were exposed to the infected psyllid colony but remained uninfected. The other classes are based on a range of copy numbers of the CLas amplicon present in a 2 µL aliquot of DNA prepared by a uniform isolation protocol. 
Number of Samples
Class
Image Analysis
Each region of interest (ROI) in a seedling image was comprised of a single leaf. Since two or three leaves in each seedling image were used for the processing, multiple ROIs, each segmenting a single leaf, were determined manually for each frame. The segmented images were then cropped in size to match the ROI so that each leaf sample was saved as a single image, and background pixels were set to zero. Figure 2 illustrates polarized images of a typical leaf sample from each of the six classes with backgrounds removed along with the corresponding white light color images. The polarized and narrow-band images in Figure 2 had a red tint because seedlings were illuminated with narrow-band light at 595 nm, which is an amber/yellow color light. Since blue and green channels of the camera were not as sensitive at this wavelength, seedling reflectance was solely derived from red channel output. As shown in Figure 2 , no visible HLB symptom could be detected in the color images of leaf samples with different HLB statuses. However, there was a notable difference in overall image intensity between HLB-positive and HLB-negative samples in polarized and narrow-band images. As the level of infection increased, the overall intensity increased. This overall increase in gray level intensity was most probably due to the elevated levels of starch shown to correlate with HLB [15] .
derived from red channel output. As shown in Figure 2 , no visible HLB symptom could be detected in the color images of leaf samples with different HLB statuses. However, there was a notable difference in overall image intensity between HLB-positive and HLB-negative samples in polarized and narrow-band images. As the level of infection increased, the overall intensity increased. This overall increase in gray level intensity was most probably due to the elevated levels of starch shown to correlate with HLB [15] . Tables 3 and 4 show several features in each feature set that had p-values less than 0.05 for datasets #1 (early spring) and #2 (late spring), respectively. There were two classes of HLB-negative citrus leaves (samples with zero copy numbers); those from plants that were exposed to feeding by the infected psyllid colony and those from control plants (unexposed). Also, there were four classes of HLB-positive leaves, which were categorized based on their copy number according to the defined copy number ranges in Table 2 . A total of 15 pairwise comparisons are presented in three categories; negative samples versus negative samples (comparison 1), negative samples versus positive samples (comparison 2-9), and positive samples versus positive samples (comparison 10-15). Tables 5 and 6 show the pairwise classification results for dataset #1 (early spring) and #2 (late spring), respectively. The highlighted grids indicate the maximum average accuracies achieved for each pairwise classification. A summary table is presented showing a comparison between percentages of significant features (ANOVA) and average accuracies (SVM classification) for all 15 comparisons obtained in early spring and those obtained in late spring (Table 7) . Table 5 . Pairwise classification results achieved for dataset #1 (early spring). The highest value in a series is highlighted. Values in each row show different classification accuracies achieved for a pair of classes that is illustrated in the first column. Values in each column show the classification accuracies achieved for all pair of classes using the types of textural features that are illustrated in the second row. 
Analysis of Variance and Classification Results
Discussion
In this study, we have evaluated the capacity of polarizing imaging, optimized for starch detection, to distinguish between healthy and HLB-positive seedlings and between the different levels of infection as determined by QPCR. HLB-positive psyllids were used to inoculate young seedlings in an attempt to achieve uniformity of infection and ensure that early-stage infections were studied. Our overall finding is that polarized imaging, as employed here, can achieve moderate accuracies in identifying HLB-positive seedlings in the first eight months of infection. A total of seven types of feature were analyzed using an ANOVA test and an SVM classifier to obtain percentages of significant features and classification accuracies for each feature set. The STFA feature set had the highest percentages of significant features and the best classification accuracy for dataset #1. In dataset #2, the LSP feature set had the highest percentage of significant features, but the best classification accuracy was achieved using GLCM features. The results of ANOVA tests and SVM classifications using LFDP features were mostly close to average, with a significant improvement in dataset #2.
For 11 comparisons in dataset #1 and 10 comparisons in dataset #2 (Tables 3 and 4) , there was at least one feature that showed significantly different mean values for the corresponding two classes. For comparisons 6, 11, 13, and 15 in dataset #1 and comparisons 1, 2, 3, 7, and 10 in dataset #2, no significant differences in features were obtained. However, features with positive correlations were present in the other comparisons, with several comparisons showing substantially more significant features than the others.
Not surprisingly, among comparisons involving only psyllid-exposed seedlings, the most difficult test was to discriminate between truly negative samples and those that were in the lowest infection status (Questionable), as seen in comparison 6 (Tables 5 and 6 ). The highest accuracies among the psyllid-exposed comparisons were between Negative or Questionable for the asymptomatic samples and Strong for the heavily infected set, especially with the earlier imaging data sets (Table 3 , comparisons 5 and 12). At the later time of imaging, when further symptom development was a factor, relatively high accuracies were obtained among several comparisons, which included the Moderate class in addition to Strong for the symptomatic, and the Questionable in addition to Negative classes for the asymptomatic samples, as shown in Table 4 (comparisons 8-9 and 11-12). For the early spring dataset (Table 3) , the STFA features set had the best overall performance, while, in the late spring set, GLCM features provided the best overall accuracy. LFDP had significantly better performance among the local-based features sets (LBP, LSP, and LFDP). For comparisons 2-5 from the late spring experiment, which included the unexposed samples, the LFDP feature set was clearly more accurate than other features in both datasets.
Several trends are evident in the data summarized in Table 7 . For example, in dataset #1, only comparisons between strong positive and negative/questionable classes had the high percentages of significant features (comparisons 5, 9, and 12). However, in dataset #2, comparisons between moderate positive and negative/questionable classes also had high percentages of significant features (comparisons 4, 8, and 11, as well as comparisons 5, 9, and 12). This trend shows that the detection of the level of infection improves as the time passes since the inoculation. Nonetheless, some trends are not related to the HLB status of the seedlings. For example, image analysis was able to distinguish between HLB-negative samples belonging to the unexposed control plants and samples that were exposed to psyllid feeding, with average classification accuracies ranging from 76%-80% (Table 7 , comparison 1). Also, modest differences were detected in comparison 2 between the unexposed Negative and exposed Questionable groups. These results suggest that there were variances in image texture resulting from differences in the growing conditions and the level of physiological stress experienced between the control and exposed seedling data sets. This explanation is reasonable since psyllid feeding activity on the test plants was intense during the exposure period, whether or not infection occurred, and absent in the control plants. Wounding that happened during psyllid exposure could easily affect subsequent growth and account for textual differences in the imaging between the control and test data sets. It is clear that the results in comparisons 1 and 2 involving the unexposed seedling data set were unduly influenced by differences regarding growth and stress, not HLB-infection status. More meaningful comparisons are those derived from exposed seedlings only (Table 7 , comparisons 6-15). It can be seen that the various classification schemes were able to produce moderate average accuracies (66%-84%) when distinguishing between HLB-negative samples (among exposed plants) and most of the classes of infection ranging from Weak to Strong (Table 5 , comparisons 6-9). Similar average accuracies were obtained in comparisons between the different HLB-positive classes (Table 7 , comparisons 10-15).
Substantial differences in the average accuracies were also obtained between images taken in early versus late spring. When only plants exposed to psyllid feeding were considered (Table 7 , comparisons 6-15), accuracies improved by allowing a greater length of time to pass before imaging; late spring average accuracies were greater (by 3%-7%) than those in early spring. As expected, this finding is consistent with greater accuracy being correlated with an increased development of symptoms. It is interesting to note that in comparisons between unexposed and exposed samples ( Table 7 , comparisons 1-5), greater average accuracies were obtained in early spring. This result, again, suggests that exposure to psyllid feeding more strongly influenced the imaging when less time had passed between exposure and imaging. Conversely, in comparisons where differences in psyllid exposure were not a factor (Table 7 , comparisons 6-15), accuracies improved with the passage of time from exposure as a result of HLB symptom development.
Conclusions
In this study, a polarized imaging technique was evaluated for the early detection of HLB disease symptoms in citrus seedlings. Citrus plants were exposed to a CLas-positive population of psyllids for eight weeks. Polarized images were taken of the intact plants at two different times after the period of psyllid feeding. Only 72% of leaf samples obtained from exposed plants had some level of infection; however, there was at least one infected leaf in every exposed plant. Thus, when viewed from a whole seedling basis, it can be concluded that the psyllid feeding infection protocol efficiently transferred CLas to the healthy plants. The polarized imaging technique developed in this study was able to detect the existence of CLas in HLB-affected citrus leaves while they were in presymptomatic and early symptomatic stages, something much more challenging than discriminating between healthy and severely symptomatic leaves. For example, utilizing a variety of classification approaches in the present study, accuracies were achieved that ranged from 68.02% to 94.75% in discriminating seedlings that were exposed but negative from those that were weakly positive for CLas (Table 4 ). The method developed was also able to determine four levels of infection while leaves were in the nonsymptomatic stage of the disease. Further experiments are required to improve the efficiency of the diagnosis method proposed in this study. For example, it was determined that including lens-to-leaf distance information in a citrus sensing system significantly improved diagnostic accuracy [19] . Although all plants were positioned the same distance from the camera in the present study, different leaves of the same plant were positioned at various distances and planar angles in the images. Therefore, including depth information during image acquisition, something that can be acquired using a depth camera, is one modification that is expected to improve accuracy predictions.
The results of this study suggest that polarized imaging could be incorporated into machine learning approaches for high throughput screening of young citrus plants based on their HLB infection status. A screening protocol of this nature could be used in the assessment of the efficacy of standardized inoculation methods, such as the psyllid feeding approach used here or other methods. Other potential uses for this type of optical sensing approach for HLB detection in citrus include screens for natural resistance, the screening of symptom severity following treatment trials, and for the assessment of improved varieties, GMO-based or otherwise. Although the prediction accuracies demonstrated in the current study were rather modest, these could potentially be improved by combining polarization imaging with fluorescence and reflectivity measurements.
